Precision measurements of the A+ and lifetimes 
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We report new precision measurements of the lifetimes of the and from SELEX, the charm 
hadro-production experiment at Fermilab. Based upon 1630 and 10210 decays we observe 
lifetimes of r[A+] = 198.1 ± 7.0 ± 5.6 fs and t[D°] = 407.9 ± 6.0 ± 4.3 fs. 
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Lifetime measurements of the charm baryons help to 
determine the contributions of non-spectator weak inter- 
action effects hke W-annihilation and W-exchange pro- 
cesses without the hehcity suppression that hmits their 
role in charm meson decays. From the point of view of 
Heavy Quark Effective Theory and Perturbative QCD, 
the charm baryon lifetimes can be expressed in terms of a 
set of matrix elements that contain the corrections to the 
fundamental expansion of the decay amplitude in terms 
of 1/mc The A+ lifetime is the best-measured of 

the four stable charm baryons Q| . We present a new mea- 
surement from hadro-production data taken by the SE- 
LEX(E781) 1^ experiment at Fermilab. Using the same 
data sample, cuts and techniques, we have also measured 
the lifetime of the D'^ with a precision comparable to the 
best present measurements Q]. This new I?° measure- 
ment verifies our lifetime analysis procedure in a sam- 
ple with higher statistical precision and larger corrections 
than the A+. Details may be found in ref 

The SELEX experiment uses the Fermilab charged hy- 
peron beam at 600 GeV to produce charm particles in a 
set of thin foil targets of Cu or diamond. The three-stage 
magnetic spectrometer is shown elsewhere |^,^. The 
most important features for the charm lifetime studies 
are the high-precision vertex detector that provides an 
average proper time resolution of 20 fs for the charm de- 
cays, a 10 m long Ring-Imaging Cerenkov (RICH) detec- 
tor that separates tt from K up to 165 GeV/c 0, and a 
high-resolution tracking system that has momentum res- 
olution ofap/P < 1% for a 200 GeV/c reconstructed A+. 
Figure |l] shows the vertex region in detail with an over- 
lay of reconstructed tracks, error corridors and measured 
parameters for a clear A+event. 
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FIG. 1. The charm targets and vertex detector. A clear 
example of a event with track error corridors and vertex 
error ellipses is shown in the expanded region. 

The experiment selected charm candidate events us- 
ing an online secondary vertex algorithm. A scintillator 
trigger demanded an inelastic collision with at least four 



charged tracks in the interaction scintillators and at least 
two hits in the positive particle hodoscope after the sec- 
ond analyzing magnet. Event selection in the online filter 
required full track reconstruction for measured fast tracks 
{p > 15 GeV/c). These tracks were extrapolated back into 
the vertex silicon planes and linked to silicon hits. The 
beam track was measured in upstream silicon detectors. 
A full three-dimensional vertex fit was then performed. 
An event was written to tape if all the fast tracks in 
the event were inconsistent with having come from a sin- 
gle primary vertex. This filter passed 1/8 of all interac- 
tion triggers and had about 50% efficiency for otherwise 
accepted charm decays. The experiment recorded data 
from 15.2 x 10^ inelastic interactions and wrote 1 x 10^ 
events to tape using both positive and negative beams. 
65% of events were induced with the balance split 
roughly equally between tt" and protons. 

The analysis selected charm events with a topological 
identification procedure. Only charged tracks with re- 
constructed momenta were used. Tracks which traversed 
the RICH (p>22GeV/c) were identified as protons or 
kaons if those hypotheses were more likely than the pion 
hypothesis. All other tracks were assumed to be pions. 
The primary vertex was refit using all found tracks. An 
event was rejected if all the tracks were consistent with 
only a primary vertex. For those which were inconsis- 
tent, secondary vertices were formed geometrically and 
then tested against a set of charge, RICH-identified and 
mass conditions to identify candidates for the different 
charm states. 
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FIG. 2. The mass distribution for the a) Aj sample in 
5 MeV/c^ bins and b) D° sample in 2.5 MeV/c^ bins. The 
signal and sideband regions are shaded. 

The charm decay modes used were A^ — > pK^n^ and 
D'^ K^TT^ , if ^7r+7r^7r+ -|- charge conjugate. No Ac 
candidates were considered because of the strong produc- 
tion asymmetry in this data sample. The charm event 
selection criteria required: i) acceptable fits for all tracks 
and vertices, ii) all track momenta exceed 8 GeV/c, iii) 
proton and kaon tracks to be RICH-identified, iv) the sec- 
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ondary vertex to reconstruct upstream of the interaction 
counters and at least 0.5 mm from any target or other ma- 
terial, v) the significance of the primary-secondary vertex 
separation, L, be at least Scr, where <j is the error on L, 
vi) a to be less than 1.7 mm, vii) two charm decay tracks 
with miss distances to the primary vertex greater than 20 
^m in space, viii) and the charm momentum be parallel 
to the vector from primary to secondary vertex within 
errors. The mass peaks for the candidate events selected 
are shown in Fig. ||. 

Because the proper time resolution is short compared 
to the expected A+ lifetime of ~ 200 fs, we use a binned 
lifetime analysis. We bin in reduced proper lifetime; 
tfi = [L — Lrain]M/Pc, where M is the known charm 
state mass Q], P its reconstructed momentum, L the 
measured vertex separation and Lmin the minimum L for 
each event to pass all the imposed selection cuts. Lmin 
varies event by event. This quantity ta should have an 
exponential distribution with the lifetime of the decaying 
state for acceptance-corrected signal events. 

To correct the raw proper time distributions, one must 
understand the apparatus acceptance as a function of 
the proper time. Apparatus acceptance for a charm de- 
cay at a given proper time depends on event variables: 
momenta, decay configuration, position along the axis of 
the apparatus, and track multiplicity. A suitable sim- 
ulation program would not only produce correctly the 
kinematics of charm pair production but also have a cor- 
rect reproduction of the underlying event. Because nei- 
ther the true distributions of track characteristics in the 
underlying event nor the true production properties of 
charm hadrons in our data (momentum, track multiplic- 
ities . . . ) are known, we decided to evaluate the proper 
time acceptance for the sample of events that we actu- 
ally observe. In the SELEX apparatus, proper time ac- 
ceptance depends only on the vertex region detectors. 
Downstream detectors could not resolve shifts of the de- 
cay vertex. Each event was re-analyzed by moving the 
charm decay point to different distances L from the pri- 
mary vertex. The event topology, momenta and other 
properties of the event were kept fixed. The analysis code 
was then run to decide if a charm decay at this particular 
distance L would be accepted or rejected. In such a way 
each individual event efficiency as a function of reduced 
proper time tfi was formed. The overall efficiency of the 
observed sample is just the weighted average of the in- 
dividual event efficiencies. This technique preserves the 
production and acceptance properties and correlations in 
the data including the underlying event without requiring 
a complete simulation of charm production. 

We make tji distributions for the signal and sideband 
regions, shown in Fig. |^. A simultaneous maximum like- 
lihood fit to both the signal and sideband distributions 
is made. The sideband distribution is represented with a 
background function (the sum of two exponentials times 
acceptance). The signal distribution is represented with 




10^ 
10^ 
10^ 
10 



o 
o 



500 1000 
tp; [fsec] 

b) D° 




500 1000 150020002500 
tff [fsec] 

FIG. 3. The acceptance-corrected reduced proper lifetime 
distributions for the background subtracted signal (points) 
and sideband (shaded) regions for a) in 33 fs bins and 
b) in 50 fs bins. The dashed line is the lifetime fit. The 
background is normalized to the width of the signal region 
shown in Fig. ^ The solid line is the acceptance as a function 

of tR. 



the same background function plus an exponential times 
acceptance for the lifetime. The acceptance, acceptance- 
corrected distributions and fits are shown in Fig. ||. 

As a consistency check we have repeated the analysis 
for each decay mode and for events from each target sep- 
arately. The acceptance function changes significantly 
between these cases. The lifetimes from these fits are 
tabulated in Table |. All the fits have acceptable quality. 
The independent measurements are consistent with each 
other and with the global lifetime fit. 

We have made a detailed study of systematic effects us- 
ing the charm data itself, Monte-Carlo simulations, and 
a sample of 2 x 10^ observed K'^ tt+tt" decays. The 
non negligible contributions are tabulated in Table ||. 
The dominant contribution is the uncertainty in the de- 
termination of the acceptance function. This error was 
based on studies of charm lifetime measurements for dif- 
ferent targets, for different momentum ranges, for dif- 
ferent event multiplicities, for charm decays in different 
z-regions, for varying sample-defining cuts, and for the 
use of proper time instead of reduced proper time in the 
fit. 
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TABLE I. Complete and sub-sample lifetimes with statis- 
tical errors. 



Many other effects, including mass reflections, effects 
of the presence of a second charm particle in the event, 
interaction losses in the targets, backgrounds induced by 
mismeasurements of charm decays, different fitting tech- 
niques, different definitions of minimum distance Lmim 
etc., have been studied. Mass reflections were dominated 
by - A+ reflection where the in D+ K+K~ Tr+ 
decay was misidentified as a proton. The lifetime change 
with different choices of sideband regions is negligible. 
Decay tracks from the second charm particle in the same 
event can influence the fit of the primary vertex and may 
lead to an error in the distance L. All small systematic 
errors were included in the " other" entry of Table ||. 



T[r'^] = 1051 ± 13 fs. The agreement with these pre- 
cise measurements demonstrates our control of system- 
atic effects. This t[A+] measurement has a total error 
that is a factor of 2 smaller than the best previously- 
published result We look forward to measurements 
with similar precision of the lifetimes of the other 3 stable 
charmed baryons, by us and others, in the near future. 
The set of precision lifetime measurements required for a 
better understanding of charm weak decays should soon 
be available. 
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TABLE II. Systematic error contributions. 



Based upon 1630A+ and 102101?° decays we observe 
lifetimes of t[A+] = 198.1 ± 7.0 ± 5.6 fs and t[D°] = 
407.9 ± 6.0 ± 4.3 fs. These results are consistent with 
the present PDG averages [||: t[A+] = 206 ± 12 fs 
and t[D°] = 412.6 ± 2.8 fs. The precision of our t[D°] 
measurement is within a factor of 2 of the most precise 
measurements P-[Tl| . As a final cross check we have ap- 
plied our analysis to K^tt^tt^ where our accep- 
tance corrections are much larger than in these analy- 
ses. Our result t[D^] = 1070 ± 36 fs (statistical er- 
ror only) is consistent with present PDG average 0] 
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